University of Montana

ScholarWorks at University of Montana
Graduate Student Theses, Dissertations, &
Professional Papers

Graduate School

1982

Amount and distribution of isozyme variation in ponderosa pine
from eastern Montana
John Herbert Woods
The University of Montana

Follow this and additional works at: https://scholarworks.umt.edu/etd

Let us know how access to this document benefits you.
Recommended Citation
Woods, John Herbert, "Amount and distribution of isozyme variation in ponderosa pine from eastern
Montana" (1982). Graduate Student Theses, Dissertations, & Professional Papers. 1516.
https://scholarworks.umt.edu/etd/1516

This Thesis is brought to you for free and open access by the Graduate School at ScholarWorks at University of
Montana. It has been accepted for inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an
authorized administrator of ScholarWorks at University of Montana. For more information, please contact
scholarworks@mso.umt.edu.

COPYRIGHT ACT OF 1976
THIS IS AN UNPUBLISHED MANUSCRIPT IN WHICH COPYRIGHT SUB
SISTS. ANY FURTHER REPRINTING OF ITS CONTENTS MUST BE APPROVED
BY THE AUTHOR.
MANSFIELD LIBRARY
UNIVERSITY OF MONTANA
DATE:
18 8 3

AMOUNT AND DISTRIBUTION OF ISOZYME VARIATION
IN PONDEROSA PINE FROM EASTERN MONTANA

by
John H. Woods
B. S. University of Montana, 1980

Presented in partial fullfillment
of the requirements for the degree of
Master of Science
UNIVERSITY OF MONTANA
1982

Approved by

Chairm,

Dean, Graduate School

UMI Number: EP36491

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

DiMNMtaiien RitoWSng

UMI EP36491
Published by ProQuest LLC (2012). Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code

ProQuest LLC.
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106- 1346

Woods, John H., M. S., June 1982

Forestry

Amount and Distribution of Isozyme Variation in Ponderosa
Pine From Eastern Montana.
Director: Dr. George M. Blake

Pinus ponderosa var. scopulorum Engelm. seeds from 50 trees in
each of six small isolated stands located within a nine
kilometer radius of Colstrip, Montana, were examined at 23
isozyme loci. Megagametophyte and embryo tissue from each seed
was screened separately. Measures of genetic diversity showed
no significant differences between male and female components
within a stand, or between stands. The average proportion of
heterozygous loci per embryo (He) was not significantly
different between stands. For all stands combined, He was 12.61
+, 3.65 percent. Genotype proportions did not deviate from
expected Hardy-Weinberg proportions.
For the 23 loci examined, 98.5 percent of the genetic
diversity resided within individual stands, with a significant
1.5 percent due to differences between stands. Genetic distance
between stands is not correlated with geographic distance.
Considering the natural fire history of the stands, it is
hypothesized there is a great deal of gene flow into a stand
during its early stage of development.
Isozyme analysis results are discussed in terms of designing a
progeny test to select trees which produce seedlings with a
superior ability to survive on regraded coal-mine spoils. It is
estimated that selection of 75 parent trees divided among five
stands will efficiently sample the genetic diversity present.
Due to the natural stand history, a large amount of gene flow
between stands and the relatively small area being reforested,
gene conservation is not of concern. As a result, the three or
four parent trees whose progeny have the best survival rates can
be used for future seed collection. Selection of three or four
trees will allow a large genetic gain even though only 75
parents are being tested.
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CHAPTER I

THE AMOUNT AND DISTRIBUTION OF ISOZYME VARIATION IN
NATURAL POPULATIONS OF PONDEROSA PINE FROM EASTERN MONTANA

INTRODUCTION
The use of electrophoretic techniques to study isozyme variation
in coniferous species has become widespread in recent years.
Wind-pollinated conifers generally show a great deal of genetic
variability (Hamrick et al.. 1981), and less population
differentiation than trees that are pollinated by other means (Brown
and Moran, 198l). Many studies have investigated the distribution of
isozyme variability in conifers over a broad geographic range
(Lundkvist and Rudin, 1977; O'Malley et al., 1979; Guries and Ledig,
1981; Yeh, 1981).

Results indicate most of the genetic variability

exists within individual populations, with a small proportion due to
differences between populations.

Fewer studies have investigated

genetic differentiation among populations over small areas; however
differentiation between stands separated by distances of less than 1
kilometer has been found (Sakai and Park, 1971; Mitton et al.,
1977; Linhart et al., 1981).
1
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Differential selection of genotypes and random genetic drift are
the primary forces responsible for genetic differentiation among
populations.

Conifers often occur in areas that have a great deal of

topographic relief. Individual stands may be isolated by features
which restrict seed and pollen movement (gene flow), and site
conditions are highly variable.

Determining the relative

contributions of selection or genetic drift to population
differentiation is difficult.

Conifers occupying flat, consistent

terrain, with little variation in site conditions, are usually found
in nearly continuous stands.

In this situation, selective forces are

likely similar for various populations, however the difficulty of
identifying populations and predicting the influence of gene flow is
increased.

The naturally occurring stands of ponderosa pine (Pinus
ponderosa var. scopulorum Engelm.) found in southeastern Montana, near
Colstrip, offer an exceptional opportunity to investigate population
differentiation.

This area is characterized by flat terrain, spotted

with rocky hills.

Ponderosa pine stands are usually small (0.5 to 15

hectares) and restricted to the rocky hills, with flat grasslands
occupying the area between stands.
are similar.

Site conditions on the rocky hills

It is possible to sample isolated stands, separated from

each other by varying distances, to investigate the genetic population
structure.

This study examines isozyme variation in 23 loci coding for 15
enzymes in ponderosa pine from the Colstrip area in eastern Montana.
Six small isolated stands, all located within a seven kilometer
radius, were investigated to estimate the following characteristics:
1. The amount of genetic variability, 2. the organization of genetic
variability, and 3. genetic differentiation between stands.

k
MATERIALS AND METHODS

Open pollinated seeds were collected from 50 trees in each of
six ponderosa pine stands located near Colstrip, Montana (Figure 1).
All sample stands are isolated from other ponderosa pine populations
by grasslands, with distances ranging from 100 meters to 850 meters.
Distances between sample stands range from 850 meters to 13.6
kilometers.

Sample stands consisted of ponderosa pine, with a few

isolated juniper (Juniperus scopulorum Sarg.).

Stand area and density

varies (Table 1), and all age classes are represented, as described by
Richardson (198l).

To estimate allele frequencies for the present stands, as well
as genotype frequencies in the seed crops, one seed from each tree was
screened for allozyme variants in megagametophyte and embryo tissue.
Fresh ponderosa pine seeds from the Colstrip area do not require
stratification (Woods and Blake, 1981);

therefore, seeds were soaked

in water for 18 hours, and germinated at room temperature on moist
filter paper.

Megagametophytes and embryos were dissected from the

seeds when the radicle had extended about one centimeter, and were
crushed in 0.2 to 0.5 ml. of distilled water in proportion to the
amount of tissue present.

Homogenates from the megagametophyte and

embryo of each seed were absorbed into filter paper wicks, and placed
separately in a starch gel for electrophoresis.

N
I

stand 4
O

0

stand 6

stand 1
stand 2
^

^/Jstand 3

Figure 1. Location of sample stands.
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Table 1. Size, area, and density of sample stands.

Stand number

Number of
trees*

Stand
area (hectares)

trees per
hectare

1

260

4.4

59

2

230

3.1

74

3

920

8.4

110

4

400

3.4

118

5

2550

12.4

181

6

225

5.2

43

* Number of trees of reproductive age as estimated
from air photos.
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Two buffer systems were used with 12.5 percent starch gels:
I. Described by Ridgway et. al. (1970).
Gel buffer:

99% 0.03 M tns, 0.005 M citric acid,

pH 8.5; 1% tray buffer.
Tray buffer:

0.06 M lithium hydroxide, 0.30 M boric

acid, pH 8.1.
II. Described by Clayton and Tretiak (1972).
Gel buffer: 0.002 M citric acid, pH 6.1.
Tray buffer:

0.04 M citric acid, pH 6.1.

Both buffers are pH adjusted with N-3(-aminopropyl)morpholine.
Both systems were run at 50 milliamps and 150 to 200 volts for about
four hours.

The enzymes used are listed in Table 2.

Enzyme stains,

buffers and methods are described by Allendort e£ al. (197/). For a
general description of electrophoretic techniques in conifers see
Conkle (1972).

The nomenclature of isozymes is similar to Allendorf and Utter
(1979) and O'Malley et al. (1979).

An abbreviation is given in

capital letters to designate each enzyme;

when not in full capitals

the same abbreviations represent the loci coding for these proteins.

8

Table 2. Migration distances for alleles found at individual loci.
Enzymes and buffer systems used.

Enzyme
commission
number

Buffer
system

Adenylate kinase

2.7.4.3

II

Ak

100

Alcohol dehydrogenase

1.1 .1 .1

II

Adh-1

100

Aldolase

4.1.2.13

II

Aid

100

Aspartate aminotransferase

2.6.1 .1

Aat-1

Enzyme

Glucosephosphate
isomerase

5.3 .1 .9

Alleles

I

I

Locus

Al

A2

A3

A4

120

71

84

100

187

67

96

Aat-2

100

120

Aat-3

100

96

76

107

Gpi-1

100

120

Gpi-2

100

Glucose-6-phosphate
dehydrogenase

1.1 .1 .49

I

G6p-2

100

90

Glutamate dehydrogenase

1.4.1.2

I

Gdh

100

80

Isocitrate dehydrogenase

1.1 .1.42

II

Idh

100

106

108

83

A5

A6

A7
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Table 2. Continued

Enzyme

Malate dehydrogenase

Enzyme
commission
number

1 .1 .1 .37

Alleles
Buffer
system

II

Locus

Al

A2

A3

Mdh-1

100

lOOn

80

Mdh-2

100

110

50

Mdh-3

100

97

111

Mdh-4

100

137

71

Me

100

88

80

Malic enzyme

1 .1 .1.40

Mannosephosphate isomerase

5 .3.1 .8

I

Mpi

100

Peptidase

3.4

I

Pep-1

100

Pep-3

100

Pgd-1

100

125

Pgd-2

100

112

Phosphogluconate
dehydrogenase

•™

1 .1 .1.44

II

II

Phosphoglucomutase

2.7.5.1

I

Pgm-2

100

96

Sorbitol dehydrogenase

1 .1 .1 .14

I

Sdh

100

81

106

A4

A5

A6

A7
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RESULTS AND DISCUSSION

Twenty-three loci coding for 15 enzymes were resolved with
sufficient clarity to consistently determine allelic variants.

Enzyme

activity as indicated by staining intensity varied between enzyme
systems, and between the loci coding for some enzymes.

Most loci

showed less activity in embryo tissue than in megagametophyte tissue.
Enzyme activity showed little change with the level of radicle
development. However, a radicle of about one centimeter provided a
convenient amount of tissue to work with.

Genetic Variation Within Stands

The proportion of loci polymorphic (P) is defined as the
proportion of loci in which the frequency of the common allele does
not exceed 0.99.

Table 3 summarizes the values of P for

megagametophytes and pollen, and for embryos (megagametophyte and
pollen combined).

The average percent of loci polymorphic over all

stands is 56.52 for megagametophytes and 53.62 for pollen;

the

difference is not significant (prob. > 0.05). In embryos, the average
single stand value of P is 62.32 percent. When all six stands are
considered as one population, P equals 65.22 percent.

These values of P are similar to those found for other
coniferous species.

In seven populations of ponderosa pine

var. scopulorum from eastern Colorado, Hamrick est al. (1981) found
68.4 percent of 22 loci to be polymorphic.

A summary of genetic

variability in 20 coniferous species by Hamrick et al. (1981) shows an

11

Table 3. Genetic variation in open pollinated ponderosa pine
(var. scopulorum) seeds from 6 stands located
near Colstrip, Montana.

% loci polymorphic

Alleles per locus - avg.
Mega. Pollen

Mega.

Pollen

Embryos

1

52.17

52.17

60.87

2.00
+0.30

1.87
+0.23

2.17
+0.30

12.83
+3.87

2

65.22

60.87

69.57

2.09
±o.26

1.87
+0.19

2.22
+0.27

13.17
+3.48

3

52.17

65.22

69.57

1.96
±o.28

1.96
+0.21

2.17
+0.26

12.69
+3.48

4

56.52

52.17

60.87

1.96
±0.23

1.83
+0.24

2.04
+0.25

11.53
+3.63

5

56.52

43.48

56.52

2.00
+0.27

1.65
+0.21

2.00
+0.27

10.44
+3.45

6

56.52

47.83

56.52

1.96
±0.29

1.74
+0.24

2.00
+0.32

13.90
+4.11

Average

56.52
+1.95

53.62
+3.30

62.32
+2.43

1.99
±o.27c

1.82
+0.22c

2.10
+0.28c

12.43
+3.67c

Combined

65.22

60.87

65.22

2.48
+0.33

2.52
+0.32

2.61
+0.33

12.61
+3.65

a. Frequency of the common allele is < 0.99
b. Mean expected heterozygosity over all loci.
c. Mean standard error for the 6 stands.

Embryos

He^3

Stand
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average P of 67.7 percent, with a range from 0 for red pine (Pinus
resinosa Ait.) to 100 percent for loblolly pine (Pinus taeda L.).

The average number of alleles per locus (A) is 1.99 for
megagametophytes, and 1.82 for pollen (Table 3).

Combining the

megagametophyte and pollen for each seed (embryo) gives an average of
2.10 alleles per locus.

No significant differences were found between

values of A for pollen and megagametophyte tissue within a stand, or
for values between stands.

Combined data from all stands gave a value

for A of 2.61.

Estimates of expected (Hardy-Weinberg) heterozygosity per locus
(he), and average expected heterozygosity over all loci (He) (Nei,
1975) were calculated for individual stands, and for all stands
combined.

Levels of he varied a great deal between loci within a

stand, but very little between stands for a given locus. Figure 2
shows the distribution of single locus heterozygosities for all stands
combined.

Single stand values of He varied from 10.35 to 13.65 percent
(Table 3).

When all stands are combined as one population, He equals

12.61 percent.

Standard errors for He are high, indicating a large

number of loci should be examined to reliably estimate heterozygosity
(Lewontin, 1974). No significant differences in He were found between
stands.

The average heterozygosity in ponderosa pine

(var. scopulorum) from Colstrip (12.6%) is less than that found by
Allendorf e_t a_l. (1982) in var. ponderosa from the northern Rocky

13

8-1

6

4
2

Mpi Pgd-1
Gpi-2 Mdh-4

mean =
12.6 percent

Pep-3 Mdh-2
Pep-1 Sdh Mdh-1
Aid Id h G6p-2
Pgm-2
Ak Aat-2 Aat-3 )i-1 Mdh-3
10

20

Pgd-2
Adh-1 Gdh Aat-1
30

40

Me
50

60

70

Percent heterozygosity
Figure 2.

Distribution of single locus heterozygosity, over all stands combined,
for alleles determining electrophoretic variants in ponderosa pine
from Colstrip, Montana.
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Mountains (18.6%). In a summary of 20 coniferous species, Hamrick et
al. (198l) determined average heterozygosity to be about 20.7 percent.

Maintenance of Genetic Variation

A controversial problem in genetics is determining whether the
protein variation in natural populations is maintained by balancing
selection, or if it represents the drifting polymorphism of neutral
mutations.

The level of genetic variation maintained in an

equilibrium population under the neutral mutation hypothesis is
dependant upon the effective population size (Ne) and the mutation
rate (u).

Using the infinite neutral alleles model, the theoretical

average heterozygosity per locus is given by

H = M/(l - M)

where M = 4uNe (Kimura and Crow, 1964). Stewart (1976) has shown that
the theoretical variance of single locus heterozygosity is

V(H) » 2M/(1 + M)2 (2 + M)(3 + M)

The value of M can then be estimated from observed values of H, and
the theoretical V(H) determined. Comparisons between the observed
V(H) (Nei and Roychoudhury, 1974) and theoretical V(H) can be used to
test the neutral mutation hypothesis (Nei et a,l., 1976).

For the combined sample of ponderosa pine from Colstrip, the
observed V(H) is 0.031, and the theoretical V(H) is 0.033.

The

similarity of these values indicates the observed variance in
heterozygosity can be reasonably explained by the neutral mutation
hypothesis;

although certain kinds of selection and varying mutation

rates per locus could produce the same effect (Li, 1978). Yeh (19bl)
also found close agreement between expected values of V(H) under the
neutral-mutation theory, and observed values of V(H) for Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco), lodgepole pine (Pinus contorta
(Engelm.) Critchfield) and sitka spruce (Picea sitchensis (Bong.)
Carr.).

Genotypic Proportions

Allele frequency data from each stand were used to calculate the
genotype proportions expected under random mating (Hardy-Weinberg).
Levene's (1949) correction was used to adjust for small sample size.
Observed and expected genotype numbers were compared using chi-square
analyses over all loci for each stand, and over all loci for all the
stands combined.

No significant differences were found between

observed and expected genotype proportions at any locus for any single
stand.

When the data are combined for all stands, a significant

excess of heterozygotes was detected at the Gdh locus.

However, using

the modified level of significance proposed by Cooper (1968) for n
silmultaneous chi-square tests, the deviation from expected at this
locus is not significant.

Observed genotypic proportions generally do not deviate from
expected Hardy-Weinberg proportions for conifers (Conkle, 1981; Feret,
1974; Lundkvist, 1979; and O'Malley et al., 1979).

Woods e£

al. (1982), however, report a significant excess of homozygotes in
fully stocked, naturally established stands of ponderosa pine
var. ponderosa.

It is hypothesized that neighboring trees have a

higher than normal probability of being related due to limited seed
dispersion, and pollen from a given tree is more likely to fall on its
near neighbors.

This could result in an excess of homozygotes due to

inbreeding.

The Colstrip stands normally have wide spacing between trees,
and are subject to frequent wind.

These factors would contribute to

mixing the pollen, consequently gametes should come together in a
nearly random fashion.

The similarity of observed and expected

genotype proportions in individual stands, as well as when all stands
are considered as one population, suggests random mating is taking
place.

Hierarchical Analysis of Gene Diversity

Electrophoretic data on gene diversity can be partitioned into
different hierarchical levels of population structure (Nei, 1973).
The total genetic diversity (Ht) is estimated by the expected
Hardy-Weinberg proportions of heterozygotes, using mean allele
frequencies at each locus for all stands, averaged over all loci. The
mean genetic diversity within each stand (Hs) is equal to the average

proportion of heterozygotes per locus found within individual stands.
The total genetic diversity can be partitioned into genetic
diversities within and between stands:

Ht = Hs + Dst

where Dst is the average gene diversity between stands.

If all

populations are members of a large panmictic unit and no genetic
differentiation exists among them, then Ht will equal Hs. The
relative magnitude of genetic differentiation between stands (Gst) is
given by

Gst = Dst/Ht

The sampling variance of Gst (V(Gst)) can be used to study the
significance of population subdivision (Chakraborty, 1974).

An analysis of electrophoretically detectable genetic, diversity
in seeds from the six ponderosa pine stands (Table 4) shows a great
deal of variation among loci in the proportion of intra-stand genetic
variation (Gst).

The mean value of Gst over all loci is 0.0145,

indicating approximately 1.5 percent of the total genetic variation is
due to differences among stands.

The standard error (square-root of

V(Gst)) is 0.005, showing a significant effect of subdivision between
the sampled stands.
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Table 4.

Genetic heterozygosity and the proportion of genetic
differentiation among populations for 23 loci in
ponderosa pine from Colstrip, Montana.

Diversity within
populations
(Hs)

Differentiation
between populations
(Gst)

Locus

Total diversity
(Ht)

Ak
Adh-1
Aid
Aat-1
Aat-2
Aat-3
Gpi-1
Gpi-2
G6p-2
Gdh
Idh
Mdh-1
Mdh-2
Mdh-3
Mdh-4
Me
Mpi
Pep-1
Pep-3
Pgd-1
Pgd-2
Pgm-2
Sdh

0.0000
0.3255
0.0000
0.3871
0.0198
0.0840
0.1128
0.0000
0.0805
0.3279
0.0264
0.0649
0.0231
0.1723
0.0133
0.6585
0.0000
0.0000
0.0000
0.0100
0.3848
0.1833
0.0263

0.0000
0.3218
0.0000
0.3808
0.0194
0.0826
0.1117
0.0000
0.0796
0.3229
0.0262
0.0642
0.0230
0.1691
0.0131
0.6522
0.0000
0.0000
0.0000
0.0098
0.3742
0.1815
0.0261

0.0117
0.0275
0.0099
0.0093

All loci
combined
Std. error

0.1261
0.0365

0.1243
0.0360

0.0145
0.0050

0.0116
0.0162
0.0202
0.0166
0.0095
0.0107
0.0152
0.0057
0.0104
0.0055
0.0184
0.0151
0.0096
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In ponderosa pine from the northern Rocky Mountains
(var. ponderosa) about 12 percent of the allozyme variation was
arrributed to genetic differences among stands (O'Malley et al..
1979). Using seedlings from the same ponderosa pine populations,
Madsen and Blake (1977) attributed 28.5 percent of the variability in
two year height growth to among stand variation.

The large amount of

among stand variation in var. ponderosa compared to var. scopulorum
from Colstrip is likely due to greater geographic distance between
sample stands for var. ponderosa, the variety of elevations and site
conditions, and the topographic barriers to pollen movement. Sample
stands in the Colstrip area are relatively close together, and are not
separated by topographic features which would restrict pollen
movement.

Allelic Frequency Heterogeneity

When gene flow is restricted between populations, genetic
differentiation may occur due to the forces of genetic drift or
selection.

The result of these forces is to alter gene frequencies

within populations, resulting in genetic divergence between
populations.

If gene flow is great enough, genetic divergence will be

reduced or eliminated.

Wright (1969) has shown that divergence among

isolated populations is a function of the absolute number of migrants,
and not of the proportion of migrants.

20

Heterogeneity of allele frequencies has been detected among
populations in several coniferous species.

Mitton jst al. (1977)

observed allele frequency heterogeneity over relatively short
distances in ponderosa pine var. scopulorum from Colorado.
Significant allele frequency differences in var. scopulorum were also
found between small populations all located within a two hectare area
(Linhart et. al., 198i). Feret (1974) found significant allele
frequency heterogeneity between three small populations of table
mountain pine (Pinus pungens Lamb.) in Virginia. For 11 stands of
pitch pine (Pinus rigida Mill.), distributed from Quebec to North
Carolina, Guries and Ledig (1981) found variable population
differentiation depending upon the locus tested.

Most loci however,

showed significant population heterogeneity.

Allele frequency differences at each locus between seeds from
the six Colstrip stands were tested for significance using a
contingency chi-square analysis.

All pair-wise stand combinations

were tested using data for megagametophytes, pollen and embryos
(megagametophyte and pollen combined).

Table 5 shows the number of

loci exhibiting significant allele frequency differences for pair wise
comparisons between all stands.

Loci which show significant allele

frequency heterogeneity vary with the stands being compared.

The

large number of divergent loci found in the embryos, compared to the
separate analyses of pollen and megagametophytes is likely due to
larger sample size;

100 alleles per locus per stand, compared to 50.
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Table 5. Number of loci showing significant (Prob. < 0.05) allele
frequency differences, and the probability of allele
frequency homogeneity over all loci, for pair-wise
stand comparisons.

Number of significant loci

Probability stands differ3.

Embryos

Mega.

Pollen

Embryos

2

2

0.054

0.032*

0.022*

0

0

1

0.100

0.150

0.045*

1-4

1

0

1

0.135

0.129

0.749

1-5

0

0

1

0.005* 0.010*

0.017*

1-6

2

0

1

0.088

0.126

0.133

2-3

0

0

1

0.147

0.234

0.233

2-4

2

0

2

0.008* 0.007*

0.080

2-5

0

0

2

0.075

0.030*

2-6

1

1

3

0.011* 0.002*

0.016*

3-4

0

0

0

0.550

0.672

0.566

3-5

0

0

0

0.631

0.670

0..666

3-6

1

0

3

0.022* 0.071

0.019*

4-5

1

0

2

0.002* 0.004*

0.010*

4-6

1

0

1

0.002* 0.009*

0.006*

5-6

0

0

4

0.011* 0.011*

0.001*

Stands

Mega.

1-2

0

1-3

a.
*

Pollen

0.141

Chi-square contingency analysis of allele frequency
homogeneity summed over all loci.
Prob. < 0.05
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Genetic differences between stands, over all loci combined, were
tested for significance with chi-square contingency analyses (Table
5).

Seven of the 15 possible pair-wise stand comparisons showed

significant genetic differences over all loci for megagametophytes and
for pollen.

Nine of the 15 comparisons showed significant differences

in the embryos.

Again, the greater number of pair-wise comparisons

showing significant allele frequency heterogeneity in the embryos is
likely due to increased sample size.

Genetic and Geographic Distance
A commonly used index of genetic differentiation between
populations is that of genetic distance (D) (Nei, 1972). The
accumulated number of gene differences per locus between populations
is expressed as

D = -In I

where I is the normalized identity of genes.

Estimates of D were calculated over 23 loci, and are shown in
Table 6 along with straight-line geographic distances for pair-wise
comparisons of stands.

Values of D range from 0.0040 to 0.0098, with

a mean of 0.0062. These values are similar to those obtained by
Guries and Ledig (1981) for pitch pine, Yeh and O'Malley (1980) and
Yang et al, (1977; for Douglas-fir, and Lundkvist and Rudin (197/) for
Norway spruce (Picea abies K.).

A comparison over 19 loci, between
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Table 6. Nei's (1972) genetic distance (above diagonal) and
geographic distance in kilometers (below diagonal) for
pair-wise comparisons between six stands of ponderosa
pine from Colstrip, Montana.

Stand
Stand

1

1

2

3

4

0.0040*

0.0098*

0.0078

0.0082*

0.0051

0.0061

0.0081

0.0051*

0.0042*

0.0040

0.0042

0.0057*

0.0075*

0.0076*

2

1.07

3

1.21

0.85

4

6.22

7.25

7.10

5

12.04

12.65

11.83

10.55

6

12.68

13.61

13.08

7.68

5

6

0.0051*
7.19

* significant (prob. < 0.05) allele frequency heterogeneity
from the sum of contingency chi-square tests over all loci.
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ponderosa pine var. ponderosa from the northern Rocky Mountain area
(Allendorf et^ aJL., 1982) and all six Colstrip populations of
var. scopulorum gives a D value of 0.0590. This value is large
relative to the values of D normally found between populations within
a coniferous species, however a large genetic distance is expected
between taxonomic varieties.

Correlations between geographic (spatial) distance and genetic
distance can be explained on the basis of isolation by distance.
Guries and Ledig (198l) found no correlation between geographic and
genetic distance in 11 populations of pitch pine.

In Douglas-fir from

coastal British Columbia, Yeh and O'Malley (1980) found a significant
correlation between geographic and genetic distance, however much of
this may be due to differences between mainland and island
populations.

Schaal (1974) found genetic distance to be strongly

correlated with geographic distance in Liatris cvlindracea Michx. over
distances of several meters.

No correlation was found between geographic and genetic distance
in the six ponderosa pine stands from Colstrip.

This indicates

genetic differentiation between stands is not primarily in response to
restricted gene flow due to geographic distance, over the distances
examined.

The genetic heterogeneity among the stands could be due to

differential selection of genotypes, or genetic drift.

However, the

similarity in stand structure, elevation, topography and soils, as
well as the flat, consistent relief found in this area makes it
unlikely selection is causing the genetic differences between stands.
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Gene Flow Between Stands

Fire plays a large role in the ecology of ponderosa pine from
the Colstrip area (Richardson, 1981). Heavy burns that reduce a stand
to a few trees are known to occur periodically. Due to the limited
dispersal distances of seeds (Dahms and Barret, 1975), regeneration of
a stand following a heavy burn would be primarily from the few trees
left.

The severe reductions in stand size are expected to result in a

great deal of genetic drift due to the small sample of parent trees
left to regenerate a stand following a fire. If gene flow into a
regenerating stand is limited, a large amount of genetic divergence
between stands would be expected.

Allendorf and Phelps (1981) have shown, using computer
simulations, that even with a great deal of gene flow between
populations, allelic divergence will often occur. Because the
Colstrip stands show allelic divergence at few loci, a large amount of
gene flow in the form of pollen likely takes place between
populations.

Pollen movement would be aided by the flat topography

and frequent winds found in this area.

Wide spacing between trees

within stands is common, and would allow wind and pollen to move
easily through the stands.

The exchange of pollen between stands

would reduce the effect of genetic drift caused by bottlenecks in
population size.
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The large amount of gene flow into the isolated ponderosa pine
stands may appear contradictory to the theory that considers a tree is
pollinated primarily by its near neighbors (Shaw and Allard,
198i; Libby e£ aj,., 1969). However, in a situation where a few
isolated trees are left following a fire, and windy conditions are
common, a great deal of effective pollen flow from outside sources is
probable.

As the stand regenerates, its diversity will increase due

to the gene flow from other stands. When the new regeneration begins
to mature, and the size and density of the stand increases, large
amounts of pollen would be produced within the new stand, resulting in
trees being pollinated primarily by neighboring trees.

Therefore,

effective gene flow into a stand from outside sources would be reduced
as the stand increases in size and density.

However, by this time

gene flow would have already increased the stands genetic diversity,
and greatly reduced differentiation caused by genetic drift.

The

small amount of among stand genetic heterogeneity found is explained
by the gene flow into a stand during its early stage of development.

Ponderosa pine, and other coniferous species, found in areas
with variable topography and site conditions, may also be subject to
large amounts of gene flow during the early development of a stand.
Isolated trees left following a catastrophe such as fire, would be
pollinated by diverse outside sources.

The gene flow into a stand

would serve to increase the genetic diversity within a stand, and
reduce differences between stands.

Topographic barriers to gene flow

would affect the pattern of genetic differentiation, and differences
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in site conditions would increase differentiation due to selective
forces acting upon the new regeneration.

When there are no barriers

to pollen movement, large genetic differences between stands may be
better explained by selection than by genetic drift.

CHAPTER II

USING ISOZYME ANALYSIS TO AID IN SELECTING GENETICALLY
SUPERIOR PONDEROSA PINE FOR COAL-MINE SPOIL RECLAMATION

INTRODUCTION

Mine-spoil reclamation has become important in many parts of the
world in recent years.

Local laws often require that native species

be established, and that the productivity of reclaimed land be equal
to or greater than before mining.

Most effort is put towards the

engineering problems of regrading the spoils to create a medium
suitable for the desired plant species, or towards the cultural
techniques of seeding and planting.

Few studies have investigated the

pAfgn^is.1 for mtrMSpwCific sclscticn of plants vxhibitin^ gsustic
superiority in survival or growth on the reclaimed sites.

Most plant species show a great deal of variability that can be
attributed to genetic differences between individuals.

This

variability has been used in agriculture, horticulture, and forestry
to select and breed lines considered superior for the specific
improvement objectives.

In reclamation work, Plass (1969) found a

great deal of variation between open-pollinated families of Virginia
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pine (Pinus virginiana) in their ability to survive on acid
surface-mine spoils.

Certain hybrid poplar clones have also shown

superior survival ability on mine-spoils (Jones, 1973; Davidson,
198u).

Geographic location of the seed source has been found to

influence a plants ability to survive on mine-spoils for alder (Alnus
glutinosa) (Funk, 1973), Austrian pine (Pinus nigra) (Neys and Cech,
1977) and several species of birch (Betula spp.) (Davidson, 197/).
Scanlon (1979) reports of differential survival and growth on
mine-spoil sites between families for various shrub species.
Taxonomic lines within a number of plant species have also been found
to exhibit varying abilities to survive on soils with high heavy metal
concentrations (Antonovics et al., 1971).

Plants of high genetic quality, in terms of survival on
mine-spoil areas can provide economic benefits for reclamation eftorts
in two ways: 1. Increased survival for a normal amount of site
treatment and planting expense;

or 2. less than normal site treatment

and planting expense could result in satisfactory survival.

At Colstrip, in southeastern Montana, large tracts of land are
being strip-mined for coal.

The dry climate in this area hinders

reclamation efforts, although reasonable success has been achieved
with grass and shrub species.

Indigenous ponderosa pine (Pinus

ponderosa var. scopulorum) is generally limited to rocky upland sites
(Richardson, 198i), and preliminary efforts to establish this species
on regraded mine-spoils have failed (MSU, 1978).
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To insure a high genetic quality in seed being used for
reforestation efforts, a selection program is being carried out to
identify open pollinated ponderosa pine families that exhibit a
superior ability to survive on mine-spoil areas. This paper describes
the use of isozyme analysis to estimate the amount and distribution of
genetic variation in ponderosa pine from the Colstrip area, and its
application to the selection of parent trees.
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ISOZYME ANALYSIS

The use of electrophoresis to estimate certain genetic
characteristics of populations has become widespread since the late
1960s.

The technique uses an electric current to separate enzyme

proteins in a gel medium. An enzyme is coded by the DNA found at
certain chromosome locations (loci);
loci are called isozymes.

and the enzymes coded by various

Isozyme variants result when alternate gene

forms (alleles) are found at a chromosome locus.

The isozyme variants

will often migrate at different rates through the gel.

Following

electrophoresis, the gel is stained for the desired enzymes, and
isozyme variants can be detected by their location on the gel. (See
Harris and Hopkinson, 1976, for detailed procedures).

Data from

isozyme analysis allow accurate estimates of genetic variation and
other genetic characteristics.

In conifers, the amount and distribution of genetic deversity in
quantitatively measured growth characteristics is reflected in
ocf •; Triofoe from isozyms Mn^lysis•

Pondsiros^ pi.ns from ths northsm

Rocky Mountains exhibits a great deal of isozyme variation, with about
88 percent being due to genetic differences between individuals within
a stand, and 12 percent due to differences among stands (O'Malley ,e£
al.. 1979).

This is in general agreement with a study by Madsen and

Blake (1977) which attributes 28.5 percent of the genetic variation in
two year height growth to differences among stands.

Most coniferous

species exhibit a large amount of isozyme variability, as well as a
great deal of variability in quantitative characteristics. However,

species such as red pine (Pinus resinosa) (Fowler and Morris, 1977;
Allendorf et al., 1982) and western red cedar (Thuja plicata) (Copes,
198i) exhibit very little genetic variation in quantitative
characteristics, and have also shown little isozyme variability.

Isozyme analysis offers a fast and inexpensive method of
estimating the genetic structure of populations.

This is basic but

important knowledge which can improve the efficiency of a program
aimed at selecting and breeding for the genetic improvement of a
characteristic.
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METHODS

Ponderosa pine in the Colstrip area is generally found in small
stands isolated by grasslands.

To investigate the amount and

distribution of genetic variation in these isolated ponderosa pine
stands, open pollinated seeds were collected from 50 trees throughout
each of six stands (Figure 1). The stands are separated by varying
distances ranging from 0.9 to 13.6 kilometers. Stand areas and
densities are shown in Table 7.

To estimate allele frequencies in the present stands, as well as
genotype frequencies in the seed crops, one seed from each tree was
screened for isozyme variants in megagametophyte and embryo tissue.
Fresh ponderosa pine seeds from the Colstrip area do not require
stratification (Woods and Blake, 1981);

therefore seeds were soaked

in water for 18 hours, and germinated at room temperature on moist
filter paper.

Megagametophytes and embryos were dissected from the

seeds when the radicle had extended about one centimeter, and were
r.Tiifllipri in fl _9 fn ft _ S ml _ nf Hi et-i 1 1 c*A ua t"or in nrnnnrfi An t- A
-

amount of tissue present.

WW

Homogenate from the megagametophyte and

embryo of each seed was absorbed into filter paper wicks, and placed
separately in a starch gel for electrophoresis.

Electrophoretic methods, enzymes, and allelic variants are given
in Chapter I.

Enzyme stains are described by Allendorf et al.. 1977.

For a general description of electrophoretic techniques in conifers
see Conkle (1972).
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Table 7. Size, area, density and genetic
heterozygosity (He) for 6 ponderosa pine
stands sampled near Colstrip, Montana.

Stand

Number of
trees*

Area
(hectares)

Trees per
hectare

He
(percent)

1

260

4.4

59

12.8

2

230

3.1

74

13.2

3

920

8.4

110

12.7

4

400

3.4

118

11.5

5

2550

12.4

181

10.4

6

225

5.2

43

13.9

All stands combined

He = 12.6

* Number of trees of reproductive age estimated
from air photos.
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RESULTS

The amount of genetic variation, as estimated from isozyme
analysis, is generally expressed as the average proportion of loci per
individual (seed) exhibiting more than one electrophoretically
detectable isozyme allele. This is called the genetic heterozygosity
(He).

Values of He for individual stands varied from 10.3 to 13.7

percent, with an average over all stands of 12.6 percent (Table 7).
No significant (prob. > 0.05) differences in He were found between
stands.

The amount of genetic heterozygosity in ponderosa pine from the
Colstrip area (12.6%) is lower than for ponderosa pine from the
northern Rocky Mountains in the U. S. (18.6%) (Allendorf et al..
1982).

It is also lower than the average for 20 coniferous species

(20.7%) compiled by Hamrick et al. (1981) (see Figure 3). However,
levels of He in Colstrip pine are high relative to many plant and
animal species, and also to some conifer species, indicating
ccusidsrs-bls gsnstzxc vEnstion sxists

thsss pcpixX.3wi.cns *

The genetic heterozygosity in populations can be partitioned
into the amount of genetic diversity within subpopulations (stands)
and the genetic diversity which is due to differences between
subpopulations (Chapter I). In the Colstrip pine stands, an average
of 98.5 percent of the genetic heterozygosity is found within
individual stands and 1.5 percent is due to differences between
stands.

Although the 1.5 percent is small, significant gene frequency

differences exist between stands at some loci.

C o l s t r i p ponderosa pine
He = 1 2 . 6
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Average p e r c e n t h e t e r o z y g o s i t y
ragure j. Distribution of the average genetic hetero
zygosity (He) found in 22 conifer species
(data from Hamrick et al., 1981).
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DISCUSSION

In order for tree improvement to be successful, genetic
variation must be present in the species and populations from which
parent trees are chosen. Isozyme analysis indicates ponderosa pine in
the Colstrip area is genetically variable, and local populations will
likely provide the variation needed for improvement. Without
sufficient variation in local stands, seed would have to be collected
over a large geographic area to obtain the variable genotypes needed.
Using local trees as progeny test parents avoids the survival and
growth problems often encountered when seed is moved from its natural
origin.

Also, the use of local trees involves less time and expense

in seed collection and maintenance of selected parents.
Selection of Parents For Progeny Testing
In most tree improvement projects, parent trees with the desired
phenotype (i.e. rapid volume growth, straight bole, etc.) are selected
i.i. VUt
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traits, then an initial genetic gain is made from the phenotypic
selection. The trait of mine-spoil survival is not exhibited by a
naturally occurring tree, therefore parents cannot be selected on this
basis. To determine which parent trees produce progeny most able to
survive on regraded mine-spoils, seedlings from various trees must be
planted in an appropriate design, and survival rates determined
(progeny test).

On the basis of progeny survival, parent trees can

then be selected for operational seed collection and, if desired,

38

future breeding.

Since parent trees cannot be chosen on the basis of their
phenotype, it is desirable to choose parents which will represent a
cross section of the genetic variation present in local stands.
Isozyme analysis indicates about 98.5 percent of the genetic diversity
exists within a stand.

Therefore, by choosing parent trees from a

single stand, genotypes will be drawn from a pool containing all but
1.5 percent of the genetic variation.

Significant genetic differences

also exist between stands, however, so by sampling parent trees from a
number of stands a more diverse cross section of genotypes can be
included (Brown, 1978).

Isozyme analysis results allow parent trees

to be chosen in a design that efficiently samples the local genetic
diversity.

Seed production varies between trees in ponderosa pine.

Open

pollinated seed is used to produce seedlings for the progeny test, so
good seed production is necessary to select parent trees.

Parents

producing progeny with superior survival ability will be used for
future operational seed collection. If seed production is heritable,
then trees from selected parents established on mine-spoils will also
be good seed producers, and stands are more likely to become
self-regenerating.

Selection of Genetically Superior Trees
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Following the progeny test, parent trees whose progeny had the
best survival rate on the mine-spoils will be chosen for future seed
production.

The amount of genetic gain (G) achieved by selecting

these parents is dependent upon selection differential (S) and the
degree to which a trait is passed from parent to offspring
(heritability = h).

G = Sh

Selection differential is a measure of the difference between the
average progeny survival rate over all parents, and the average
survival rate of progeny from the best selected parents.

The fewer

number of "best" parents chosen, the higher the selected average and
the greater the selection differential and genetic gain.

Generally in tree improvement work, gene conservation is of
concern (Adams, 1981).

Large scale forestry operations may

significantly alter the genetic resource, and measures are required to
minimize the loss of genetic diversity.

A trade-off is reached

between conserving a reasonably large superior population, and genetic
gain.

In order to achieve a large selection differential, as well as

maintain sufficient number of superior trees, many individuals
(300-1000) are usually tested and the best 40 or 50 selected for a
breeding population.

The conservation of genotypes by selecting a large number of
superior parents from progeny test results is considered unnecessary
in this project for the following reasons. 1. Strip-mine spoil
reforestation involves small areas of land (relative to the areas
reforested in large-scale forestry operations), and only small patches
will be reforested with most areas being reclaimed to grasslands. 2.
Open pollinated families will be used;

therefore even with a small

number of female parents, a large number of male parents will be
included. 3.

Areas will only be mined and reforested once, and

stands will regenerate naturally after they are established.

Isozyme

analysis indicates a great deal of pollen movement takes place between
stands (Chapter 1), causing a broadening of the genetic base in future
generations. 4. The natural fire history of ponderosa pine in the
Colstrip area indicates it is common for stands to originate from a
small number of parents (Richardson, 1981).

Selection of three or four parent trees with the best progeny
survival should be sufficient to meet future seed requirements.

By

selecting such a small number of genetically superior trees, it is
possible to obtain a high selection differential and genetic gain from
a progeny test involving a small number of parents.

For this project,

a progeny test involving 75 parent trees is considered sufficient to
achieve a large genetic gain, while keeping the investment in seed
collection and progeny testing small.
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In the Colstrip area, obtaining a high survival rate of
seedlings planted on mine-spoils is the mam objective, and wood
volume production is of little concern.

Seedling mortality is highest

following planting, and the success or failure of a seedling will
likely be determined within one or two years.

This is a great

advantage in terms of parent tree selection. The short period of time
required to obtain results means the investment in progeny testing
need only be carried for one or two years before superior seed can be
used operationally.

Isozyme analysis provided a fast and inexpensive means of
evaluating the genetic population structure of ponderosa pine from the
Colstrip area. This information increased the efficiency of parent
tree selection, and indicated future use of only three or four
open-pollinated superior parents will likely not have a detrimental
effect on the genetic diversity of future stands.

When progeny test

results are available, reforestation of regraded mine-spoils can
prodeed with seed of high genetic quality.
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